ADDITIONAL INDEX WORDS. highbush blueberries, Vaccinium corymbosum, phenology, phytotoxicity, fruit injury, leaf injury, diazinon, captan SUMMARY. A common practice in highbush blueberry (Vaccinium corymbosum L.) culture is to use combinations of insecticides and fungicides to reduce the number and cost of pesticide applications. In response to apparent phytotoxicity observed in commercial fields that were treated with combinations of diazinon and captan formulations, phytotoxicity of two formulations of diazinon (Diazinon AG600 and Diazinon 50W) and captan (Captan 80WP and Captec 4L) was investigated on highbush blueberries during 1997 and 1998. Phytotoxicity injury similar to injury observed in commercial fields was reproduced in treatments with diazinon and captan mixtures in all experiments. The Diazinon AG600 and Captec 4L mixture was the most severe and caused significantly more phytotoxicExtension specialist,
toneura rosaceana Harris) (Fiola et al., 1998) . Growers also use captan (wettable powder and flowable formulations) from petal fall through harvest to protect fruit from various fruit rots, especially anthracnose fruit rot [Colletotrichum acutatum J.H. Simmonds or C. gloeosporioides (Penzig)]. Because diazinon and captan formulations are used over the same time period, growers often tank-mix these two pesticides on highbush blueberries.
During the 1997 growing season, a new water-based formulation of diazinon, Diazinon AG600 WBC (water-based concentrate), was introduced to New Jersey blueberries for the first time. Diazinon AG600 WBC (Novartis Crop Protection, Greensboro, N.C.) has been reported to have reduced odor, lower acute toxicity, and no organic solvents (Ciba Crop Protection, 1996) . For these reasons, the water-based formulation has been suggested to have enhanced crop and environmental safety over the solvent-based, emulsifiable concentrate formulation (Diazinon AG500). The Diazinon AG600 formulation is slated to eventually replace Diazinon AG500.
During 1997 several growers observed severe phytotoxicity when tankmixes containing various formulations of diazinon and captan were used. Varieties such as 'Weymouth', 'Duke', 'Bluecrop', and 'Elliott' appeared to be equally susceptible to phytotoxicity with this combination under field conditions. The phytotoxicity on fruit ranged from deep purple blotches to circular depressions in areas where residues accumulated near the calyx end of the berries. On leaves, brownish purple spots were seen, especially on the underside of the leaf surface. These symptoms were most commonly associated with fields that received a combined application of Diazinon AG600 WBC and another relatively new captan formulation, Captec 4L (Microflo, Lakeland, Fla) .
In response to these growing concerns of suspected phytotoxicity, we initiated a comprehensive study to determine the relative phytotoxicity of combinations of several formulations of diazinon and captan, and to investigate the effect of blueberry phenology on the phytotoxicity of Diazinon AG600 and Captec 4L mixture.
Materials and methods

GENERAL OVERVIEW.
Experiments were conducted during the 1997 and 1998 growing seasons at Rutgers University Blueberry and Cranberry Research and Extension Center, Chatsworth, N.J., on highbush blueberries planted in 1994. The bushes were 4 to 5 years old, about 5 ft (1.5 m) tall, and spaced 9 × 4 ft (2.7 × 1.2 m) apart on light sandy organic matter soil with pH 4.5.
Two formulations of diazinon (Diazinon AG600 and Diazinon 50W) and of captan (Captec 4L and Captan 80WP) were evaluated. The application rates of these formulations and an adjuvant, LI-700 (Loveland Industries, Greeley, Colo.) evaluated in this study are reported in Table 1 . Highest labeled rates were used in all experiments. The insecticides and fungicides were applied with a CO 2 pressurized backpack sprayer (Model T; R&D Sprayers Inc., Opelousas, La.) equipped with a hollowcone nozzle (TeeJet, 4 VS; Spraying Systems Co., Wheaton, Ill.) calibrated to deliver 30 gal/acre (280.6 L·ha -1 ). At each evaluation, samples of foliage and fruit were collected in polyethylene bags and transported to the laboratory for phytotoxicity determinations. A fruit or foliage cluster was considered to have phytotoxicity even if a single fruit or leaf in that cluster was injured due to phytotoxicity. Experiments 1 to 3 were conducted during the 1997 season and Expts. 4 to 6 during the 1998 season. Except in Expts. 1 and 3, each replication consisted of six bushes in a single row. Experiment 1 had five single-bush replications and in Expt. 3, each replication consisted of three bushes. There were three replications in ity to fruit and leaves than individual treatments of Diazinon AG600, Captec 4L or untreated control. Separation of diazinon and captan applications by 8 h significantly reduced phytotoxicity compared to mixture treatments. Injured fruit and leaves recovered over time and most treatments showed only a mild injury at the time of harvest. Phytotoxicity on fruit and leaves caused by Diazinon AG600 and Captec 4L mixture was significantly affected by application date with the earliest application causing the greatest injury. These data indicate that diazinon and captan mixtures cause phytotoxicity on highbush blueberries and therefore the two should not be applied in combination.
H ighbush blueberries, are a major fruit crop in southern New Jersey. In 1998, blueberries were grown in more than 7,500 acres (3,000 ha) in New Jersey with a value of $28 million (Tolomeo, 1999) . Thirty-six states in the United States and six provinces in Canada grow highbush blueberries commercially on more than 40,000 acres (16,000 ha), and the total area planted in blueberries is expected to increase in North America (Moore, 1993) .
A common practice in blueberry culture is to use combinations of insecticides and fungicides to reduce the number and cost of pesticide applications. This approach may lead to severe incompatibility and phytotoxicity problems if inappropriate combinations of chemicals are tank-mixed. It is therefore important to determine if a particular combination of chemicals is compatible and safe, before large-scale application. This is especially necessary for new chemicals and formulations that have not been tested extensively in the field.
The New Jersey blueberry industry uses more diazinon than any other state in the United States (Hamilton, 1996 EXPERIMENT 2. Combinations of diazinon (AG600 and 50W formulations) and captan (4L and 80WP formulations) mixtures were evaluated in this experiment conducted on the variety Bluecrop. Treatments were applied on 12 June 1997. Thirty fruit and leaf clusters each per replication (10 clusters each from three randomly selected plants per replication) were sampled for phytotoxicity 7 d after treatment application. A second fruit evaluation (25 fruit clusters per replication) was also conducted on 13 July during harvest.
EXPERIMENT 3. In addition to the treatments in Expt. 2, a mixture comprising Diazinon AG600, Captec 4L, and an adjuvant, LI-700 was evaluated for phytotoxicity on 'Elliott'. Treatments were applied on 25 June 1997. Twenty fruit and leaf clusters each per replication (10 clusters each from two randomly selected plants per replication) were sampled 8 d after treatment application on 3 July.
EXPERIMENT 4. Phytotoxicity of mixtures of diazinon formulations (AG600 or 50W) + Captec 4L was compared with phytotoxicity in sequential treatments of Diazinon AG600 or Diazinon 50W application followed by an application of Captec 4L 8 h later. Treatments were applied on 18 May 1998 to variety Weymouth. Thirty fruit and leaf clusters each per replication (10 clusters each from three randomly selected plants per replication) were sampled 9 d after treatment application to evaluate phytotoxicity.
EXPERIMENT 5. Phytotoxicity of mixtures of diazinon (AG600 or 50W) + Captan 80WP was compared with phytotoxicity in sequential treatments of Diazinon AG600 or Diazinon 50W application followed by an application of Captan 80WP 8 h later. In addition, phytotoxicity was also evaluated on bushes that received Captec 4L followed by Diazinon AG600 8 h later. Treatments were applied on the variety Bluecrop on 26 May 1998. Fruit and leaf clusters were sampled in the same manner as in Expt. 4 on 3 June 1998, 8 d after treatment application.
EXPERIMENT 6. To determine the effect of blueberry phenology on the potential for phytotoxicity, the diazinon and captan combination that caused most acute phytotoxicity (Diazinon AG600 + Captec 4L) was applied at about 4-to 5-week intervals beginning at petal fall. Treatments were applied on the variety Elliott on 22 May, 26 June, and 29 July. Fruit and leaf clusters were sampled 5 to 8 d after each treatment application in the same manner as described under Expt. 4. STATISTICAL ANALYSIS. Data were analyzed by analysis of variance (ANOVA) or t tests using SAS system for windows, release 6.03 (SAS Institute Inc., 1988). Data were transformed before analysis using either square root (for number of clusters with phytotoxicity, number of berries, and berry weight) or arcsin (for percent phytotoxicity) transformations. Untransformed data are reported in tables and figures as means and standard errors. Mean separation used Duncan's multiple range test (P = 0.05).
Results
Phytotoxicity similar to injury observed in commercial fields was evident in all experiments, usually within 24 to 36 h after the application of diazinon and captan mixtures. Phytotoxicity on berries ranged from deep purple blotches to circular depressions, especially where residues have accumulated near the calyx end of the berries (Fig. 1) . In most severe cases, the fruit had 2 to 3 mm (0.08 to 0.12 inch) diameter circular depressions filled with apparent pesticide residue. Brownish purple spots were seen especially on the underside of the leaf surface. Although phytotoxicity caused by either the diazinon (AG600 or 50W) or captan (4L or 80WP) treatments was similar to injury caused by mixtures of diazinon and captan formulations, the degree of severity was much less in the nonmixture treatments. The most severe form of phytotoxicity (circular depressions on fruit) was not observed in the diazinon and captan treatments applied alone.
EXPERIMENT 1. The samples collected on 21 June, 10 d after treatment application with Diazinon AG600 and Captec 4L mixture showed 100% phytotoxicity in both leaf and fruit clusters. Phytotoxicity was more pronounced in this experiment than in any other experiment in the study. Both green and ripe blueberries sampled at harvest exhibited severe phytotoxicity ( Table 2) . Weight of 100 mature berries was significantly lower in the Diazinon AG600 + Captec 4L treatment than in the untreated control. However, the number of berries per 10 clusters was similar in the two treatments. Nearly 100% of leaf clusters showed phytotoxicity at harvest.
EXPERIMENT 2. Fruit and leaf clusters showed significantly greater phytotoxicity in all treatments with diazinon and captan mixtures than in individual treatments of either Diazinon AG600 or Captec 4L, 7 d after the treatment application (Table 3) . Phytotoxicity on both fruit and leaves appeared to be more severe in the Diazinon AG600 and Captec 4L mixture than in any other combinations of diazinon and captan formulations. About 10% of the berries showed some symptoms of phytotoxicity in the Diazinon AG600 and Captec 4L mixture (Table 3) . Significantly fewer fruit and leaf clusters exhibited phytotoxicity in the Diazinon 50W + Captec 4L treatment than in the other two combination treatments with Diazinon AG600, Captec 4L and Captan 80WP. There were no significant differences in the number of berries per 30 fruit clusters among the treatments. Mixing of wettable powder formulations of diazinon (Diazinon 50W) and captan (Captan 80WP) resulted in the formation of a white sediment in the spray tank clogging the screen and nozzle. Consequently, this treatment was not applied at the calibrated rate. For this reason data were not collected from this treatment. No compatibility problems were evident in any other combination treatments.
Fewer berries had phytotoxicity (Table 4) at harvest than at 7 d after treatment application in all treatments. Diazinon AG600 and Captec 4L mixture had the highest percentage of berries with phytotoxicity at harvest, but this effect was significant only among green berries (Table 4 ). The number of berries per 25 clusters was not significantly different among the treatments. In all treatments, most of the berries at harvest had recovered from phytotoxicity and showed only minor blotches that were barely visible on the blueberry.
EXPERIMENT 3. The Diazinon AG600 and Captec 4L mixture had the highest percentage of berries with phytotoxicity (Table 5 ). Phytotoxicity to leaves was evident in all treatment mixtures with diazinon and captan formulations. Phytotoxicity was also observed on fruit and leaves in treatments with diazinon and captan formulations applied alone. Captec 4L was the most injurious to leaves among the four formulations applied separately. However, this injury was not as pronounced as seen in diazinon + captan combinations. Addition of spray adjuvant LI-700 to Diazinon AG600 and Captec 4L mixture appeared to enhance phytotoxicity to leaves, but not to the fruit. The number of berries per 20 fruit clusters was not significantly different among the treatments.
EXPERIMENT 4. Phytotoxicity similar to injury observed in 1997 (Expts. 1 to 3) was seen in treatments comprising diazinon formulations (AG600 or 50W) and Captec 4L mixtures. Consistent with the 1997 observations, phytotoxicity was most pronounced in Diazinon AG600 + Captec 4L treatment (Table  6) ; but unlike the 1997 experiments, a greater number of fruit clusters and percentage of fruit showed phytotoxicity than leaf clusters or percentage of leaves. Significantly lower numbers of fruit and leaf clusters or percentage of fruit and leaves showed phytotoxicity when Diazinon AG600 or Diazinon 50W applications and Captec 4L applications were separated by an 8-h interval than their respective mixture treatments. Once again Captec 4L treatment alone showed slight phytotoxicity to fruit and leaf clusters.
EXPERIMENT 5. Phytotoxicity was the mildest in this experiment. Again, sequential application of captan and diazinon formulations with an 8 h interval between individual treatment application significantly reduced the per- Diazinon AG600 + Captec 4L 99.6 ± 0.4 a 97.1 ± 1.7 a 103 ± 6.6 108.4 ± 7. Diazinon AG600 0.0 ± 0 c 4.0 ± 1.5 c 0.0 ± 0 c 3.7 ± 1.1 de 169.7 ± 18.2 Diazinon 50W 0.0 ± 0 c 0.3 ± 0.3 d 0.0 ± 0 c 0.9 ± 0.9 ef 179.0 ± 4 Captec 4L 0.3 ± 0.3 bc 14.0 ± 1.5 b 0.4 ± 0.4 bc 15.3 ± 3.9 bc 175.7 ± 9 Captan 80WP 0.7 ± 0.3 bc 0.3 ± 0.3 d 0.9 ± 0.4 bc 0.3 ± 0.3f 186.7 ± 8.7 Diazinon AG600 4.0 ± 2.5 a 20.0 ± 0 a 9.3 ± 6.1 a 51.1 ± 2.6 a 201.7 ± 24.1 + Captec 4L Diazinon AG600
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1.0 ± 1 bc 15.3 ± 0.9b 1.1 ± 1.1 bc 23.7 ± 3.1 b 156.3 ± 12.5 + Captan 80WP Diazinon 50W
1.0 ± 0.6 bc 4.7 ± 1.7 c 0.8 ± 0.6 bc 8.1 ± 4.7 cd 169.3 ± 12.5 + Captec 4L Diazinon AG600
2.0 ± 0 ab 19.7 ± 0.3 a 3.0 ± 1.0 ab 64.1 ± 4.4 a 185.3 ± 12 + Captec 4L + LI 700 Untreated control 0.0 ± 0 c 0.0 ± 0.0 e 0.0 ± 0 c 0.0 ± 0 f 180.6 ± 7.2 * **** ** **** NS z A fruit or leaf cluster was considered to show phytotoxicity if at least one berry or leaf in that cluster had phytotoxicity. y Means within a column followed by different letters are significantly different (Duncan's multiple range test, P = 0.05). NS,*,**,**** Nonsignificant, significant at P < 0.05, 0.01, or 0.0001, respectively. Diazinon AG600 0.7 ± 0.7 b 1.0 ± 0.5 0.9 ± 0.5 213.0 ± 2.1 Captec 4L
1.9 ± 0.5 ab 0.9 ± 0.2 0.9 ± 0.2 204.7 ± 30.1 Diazinon AG600 + Captec 4L
5.2 ± 1.4 a 2.8 ± 1.0 3.7 ± 1.0 195.3 ± 9.4 Diazinon AG600 + Captan 80WP
1.1 ± 0.5 b 1.3 ± 0.7 1.6 ± 0.6 200.7 ± 19.8 Diazinon 50W + Captec 4L 0.4 ± 0.4 b 1.9 ± 0.2 1.5 ± 0.2 199.3 ± 14.9 Untreated control 0.6 ± 0.6 b 0.7 ± 0.6 0.6 ± 0.4 198.0 ± 11.5 * NS NS NS z Means within a column followed by different letters are significantly different (Duncan's multiple range test, P = 0.05). y Green and blue fruit were evaluated separately. NS,* Nonsignificant or significant at P < 0.05. 9.3 ± 1.9 a 22.7 ± 1.2 a 10.3 ± 2.3 a 216.7 ± 14.9 Diazinon AG600 + Captan 80WP 7.7 ± 1.3 a 16.0 ± 2.0 b 7.6 ± 1.8 a 219.7 ± 9.6 Diazinon 50W + Captec 4L 3.0 ± 0 b 3.0 ± 1.0 c 2.1 ± 0 b 226.0 ± 17.2 Untreated control 0.0 ± 0 c 0.0 ± 0.0 d 0.0 ± 0 c 224.7 ± 3.8 **** **** **** NS z A fruit or leaf cluster was considered to exhibit phytotoxicity when at least one berry or leaf in that cluster showed phytotoxicity. y Means within a column followed by different letters are significantly different (Duncan's multiple range test, P = 0.05). NS,**** Nonsignificant or significant at P < 0.0001, respectively.
Diazinon
centage fruit and leaves showing phytotoxicity compared to the combined Diazinon AG600 + Captan 80WP applications (Table 7) . The order of application of diazinon or captan formulations did not seem to affect phytotoxicity on fruit and leaves. This becomes evident by comparing the phytotoxicity in treatments where Diazinon AG600 or Captec 4L were applied first followed by the application of the other formulation (Captec 4L or Diazinon AG600) 8
h later (Tables 6 and 7) . EXPERIMENT 6. Percentage of fruit and leaves showing phytotoxicity (Fig.  2) was significantly affected by treatment (P < 0.0001, for both fruit and leaves; F (statistic to determine differ-ences among treatment means) = 165.3, and 139.8, respectively for fruit and leaves; 1 df (treatment or numerator), 23 df (error or denominator)) and application dates (P < 0.001 for both fruit and leaves; F = 51.2 and 9.8, respectively, for fruit and leaves; 2, 23 df). The interaction of treatment and application date on percentage of fruit and leaves exhibiting phytotoxicity was also significant (P < 0.0001; F = 64.3; 2, 23 df, for fruit, and P < 0.001; F = 9.8; 2, 23 df, for leaves). A significantly greater percentage of fruit and leaves showed phytotoxicity in Diazinon AG600 + Captec 4L treatment applied on 22 May, immediately following petal fall, than in the same treatments applied approximately at 5-week intervals in June and July (Fig. 2) . A greater percentage of leaves exhibited phytotoxicity in Diazinon AG600 + Captec 4L treatment applied on 29 July than in the same treatment applied on 26 June.
Discussion
Phytotoxicity observed in commercial blueberries during the 1997 season was reproduced in all six experiments reported here when formulations of diazinon and captan were applied together. Phytotoxicity on fruit and foliage was the same across years and varieties. Phytotoxicity in Diazinon AG600 + Captec 4L treatments was more severe in 1997 than in 1998, most probably related to frost events during spring. A higher percentage of leaf injury was evident in experiments conducted during the 1997 season than in experiments conducted during 1998, whereas fruit injury was either comparable or somewhat higher in the 1998 experiments (Tables 1 to 6 , and Fig. 2) . The relative tolerance of fruit and leaves to frost injury and how this interacts with phytotoxicity of diazinon and captan mixtures is unclear at present.
In this study there was significant fruit injury at harvest caused by several different mixtures of diazinon + captan formulations, especially Diazinon AG600 + Captec 4L. Some of these berries were not suitable for fresh fruit market. With this level of injury, a commercial grower may either have to spend additional labor and money to cull injured fruit or sell fruit for the processed fruit market.
Although in many diazinon and captan treatments there was a large percentage of fruit and leaves exhibiting phytotoxicity a few days after the treatment application, the fruit and leaves generally recovered remarkably well and showed very little injury at the time of harvest (e.g., Tables 3 versus 4). This recovery was even greater in experiments that were treated later in the season (e.g., Expt. 3). In Expt. 1, however, the fruit injury was so severe that 1.8 ± 0.5 c 8.0 ± 1.5 b 1.4 ± 0.5 b 6.7 ± 1.9 c Diazinon AG600 + Captec 4L 25.8 ± 2.5 a 14.5 ± 2.0 a 64.7 ± 12.2 a 16.2 ± 3.8 a Diazinon 50W + Captec 4L
13.5 ± 0.6 b 7.2 ± 0.9 b 18.7 ± 2.6 b 5.4 ± 0.7 b Diazinon AG600 first and Captec 4L 8 h later 2.8 ± 1.1 c 7.0 ±1.1 b 3.0 ± 1.5 b 4.1 ± 0.7 c Diazinon 50 W first and Captec 4L 8 h later 1.5 ± 0.6 cd 5.0 ± 1.5 b 1.1 ± 0.6 b 3.2 ± 1.4 c Untreated control 0.0 ± 0 e 0.0 ± 0.0 c 0.0 ± 0 b 0.0 ± 0 c **** **** **** **** z A fruit or leaf cluster was considered to show phytotoxicity if at least one berry or leaf in that cluster showed phytotoxicity. y Means within a column followed by different letters are significantly different (Duncan's multiple range test, P = 0.05). **** Significant at P < 0.0001. 
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the injured fruit were smaller and weight per 100 berries was significantly lower in the Diazinon AG600 + Captec 4L treatment than in the untreated control. In none of the experiments was the number of berries per cluster affected by phytotoxicity of diazinon and captan formulations. Diazinon (AG600 and 50W) and captan (4L and 80WP) formulations applied alone caused mild phytotoxicity in a small percentage of fruit and leaves. Of these four formulations, Captec 4L applied alone caused consistently more phytotoxicity, especially to leaves, than the other three formulations. In most cases, however, the injury was very superficial and fruit and leaves more or less completely recovered from phytotoxicity by harvest time. Among the combination treatments, Diazinon AG600 + Captec 4L caused significantly more phytotoxicity than Diazinon AG600 + Captan 80WP or Diazinon 50W + Captec 4L. Diazinon 50W + Captec 4L was least phytotoxic and Diazinon AG600 + Captan 80WP was intermediate (Table 5) . Diazinon 50W + Captan 80WP is probably the safest of the four combinations, but these two formulations were not compatible in our study. A few growers continue to use this combination with larger ground equipment with adequate agitation and at higher pressure.
Separation of diazinon and captan applications by an 8 h interval was sufficient to reduce phytotoxicity levels to those observed with diazinon or captan alone (Tables 6 and 7 ). The order of application of diazinon and captan did not affect phytotoxicity. Blueberry growers use both captan and diazinon over a 4-to 8-week period beginning at petal fall through harvest. If these formulations are required to be used at the same time, these data suggest that they should be applied at least 8 h apart.
Susceptibility to phytotoxicity appears to be affected by the crop phenology. Leaves and fruit early in the season are more prone to injury than later in the season (Fig. 2) . Younger shoots and smaller fruit may have a less well developed cuticle that may allow the penetration of compounds in the formulation, causing phytotoxicity. A significantly higher percentage of leaves showed phytotoxicity on 29 July than 26 June (Fig. 2) . During the course of the growing season the highbush blueberry produces multiple flushes of vegetative growth (Eck, 1988) . As many as five flushes of growth on an individual shoot have been recorded (Gough et al., 1978) . There were many more younger shoots in the samples collected after the 29 July application than in samples collected after the 26 June application (personal observations). This may explain the higher percentage of leaves showing phytotoxicity following Diazinon AG600 + Captec 4L application on 29 July than after the 26 June application.
Based on these studies, tank-mixing of diazinon and captan formulations for use on highbush blueberries is not recommended. The Diazinon AG600 and Diazinon 50W labels have been recently modified to reflect this recommendation. The Captec 4L label already prohibits mixing with other flowable formulations. Growers should be made aware of these label changes so that tank-mixes of diazinon and captan formulations are avoided.
Extension personnel should increase awareness among growers regarding the potential for phytotoxicity with tank-mixtures. This is especially important considering that a safe mixture tested one year may still cause phytotoxicity in other years. Growers should always ascertain the safety of tank-mixes by testing with actual equipment on a small test area before using the mixture on a larger area.
